Acidovorax avenae subsp. citrulli, causal agent of bacterial fruit blotch, has caused considerable damage to the watermelon and melon industry in China and the United States. Understanding the emergence and spread of this pathogen is important for controlling the disease. To build a fingerprinting database for reliable identification and tracking of strains of A. avenae subsp. citrulli, a multilocus sequence typing (MLST) scheme was developed using seven conserved loci. The study included 8 original strains from the 1978 description of A. avenae subsp. citrulli, 51 from China, and 34 from worldwide collections. Two major clonal complexes (CCs), CC1 and CC2, were identified within A. avenae subsp. citrulli; 48 strains typed as CC1 and 45 as CC2. All eight original 1978 strains isolated from watermelon and melon grouped in CC1. CC2 strains were predominant in the worldwide collection and all but five were isolated from watermelon. In China, a major seed producer for melon and watermelon, the predominant strains were CC1 and were found nearly equally on melon and watermelon.
Acidovorax avenae subsp. citrulli has emerged as a serious pathogen of many Cucurbitaceae plant species, including watermelon (Citrullus lanatus (Thunb.) Matsum. & Nakai), melon (Cucumis melo L. subsp. melo var. cantalupensis Naudin) (22) , cucumber (C. sativus L.), pumpkin (Cucurbita pepo L.), and several types of gourds (30, 33) . Since the disease (33) and pathogen (23) were first described in seedlings of watermelon in 1965 and 1978, respectively, the causal agent has been identified as a new organism, Pseudomonas pseudoalcaligenes subsp. citrulli (23) , and was later reclassified as A. avenae subsp. citrulli (34) . The disease was originally observed in the mid 1960s as a seedling blight in several Plant Introduction (PI) germplasm lines grown for increase in greenhouses at the United States Department of Agriculture (USDA) Plant Genetic Resources Conservation Unit in Griffin, GA (33) . The disease was never observed in mature fruit growing in the field in Griffin (GS and N. W. Schaad, personal observations) . No reports of the disease in the field in seedlings or mature fruit occurred until 1988, when Wall and Santos (32) identified the same organism as the causal agent of bacterial fruit blotch (BFB) of mature watermelon fruit in the Mariana Islands. Within 3 years, BFB emerged as a major disease in production areas across the United States (10), including Florida (26) , Indiana (14) , and Delaware (5) . The disease has become prevalent in watermelon production areas worldwide (1, 4, 7, 18, 25, 36) . In the last 20 years, China has become a major producer of watermelon and melon seed worldwide. Zhang and Rhodes (36) reported typical BFB symptoms on mature watermelon fruit in Shaanxi province in 1990 but did not isolate or identify the causal bacterium. The first reported identification of A. avenae subsp. citrulli in China occurred in watermelon seedlings in Ledong and Dongfang, Hainan province in 1998 (35) . The pathogen (strain 30123) was isolated for the first time in China from watermelon in Urumqi, Xinjiang province in 2000 (N. W. Schaad, unpublished) . The disease has since been reported in Hainan (35) , Xinjiang (37) , Jilin (12) , and Fujian provinces (3) .
The ability to distinguish accurately between bacterial strains is important in developing a fingerprint database and in determining their emergence and evolution as pathogens. Currently, two groups of A. avenae subsp. citrulli strains have been determined based on gas chromatography-fatty acid methyl ester (GC-FAME) profiles (31) , pathogenicity on different seedling hosts (30) , and DNA fingerprinting using pulse-field gel electrophoresis (PFGE) (31) and repetitive extragenic palindromic polymerase chain reaction (REP-PCR) (30) . Unfortunately, these fingerprinting methods have several drawbacks, including poor reproducibility between and within labs and an inherit inability to quantify genetic relationships. Although amplified fragment length polymorphism (AFLP) and PFGE can be highly discriminating, they are unable to determine genetic relationships among and between strains at deeper phylogenetic levels (17) .
Multilocus sequence typing (MLST), based on the principles of multilocus enzyme electrophoresis (MLEE) (24) , has proven to be a powerful tool for identifying and fingerprinting strains of bacteria (8, 15, 21) . MLST is based directly on nucleotide sequence differences in 5 to 10 genes instead of indirect analysis of the electrophoretic mobility of their gene products on starch or agarose gels (15) . For MLST, a portion of a protein-coding gene is sequenced and the resulting differing sequences are assigned an allele number; each strain is characterized (for n loci) and represented by a set of n numbers defining the alleles at each locus. This profile defines the sequence type (ST) (21) . MLST data can be easily interpreted and replicated between labs and is generally made available in a public database via the Internet; comparisons can be made easily with prior data. Furthermore, a single nucleotide difference always produces a new allele in an MLST data set, whereas as many as eight amino acid substitutions may be required to produce a new allozyme in an MLEE data set (2) .
In this study, we developed an MLST assay to establish a database for fingerprinting A. avenae subsp. citrulli, to track the source of disease outbreaks, and to gain insight into the evolutionary course of the pathogen. Specifically, the objectives were to understand the global epidemiology and particularly the population structure of A. avenae subsp. citrulli in China using eight original strains isolated from watermelon and melon breeding germplasm maintained at the USDA Plant Genetic Resources Conservation Unit in Griffin, GA, a large number of original strains isolated from China, and several known strains from the International Collection of Phytopathogenic Bacteria (ICPB) maintained at FDWSRU in Ft. Detrick, MD. The eight strains originally isolated for the description of A. avenae subsp. citrulli (23) were included to determine whether these strains might be tracked in the global spread of BFB over the last 30 years and, possibly, be identified as the source of the emergence of the disease in China. 
MATERIALS AND METHODS
Source of strains and DNA extraction. In total, 104 strains of Acidovorax spp. were studied. This included 8 strains of A. avenae subsp. citrulli described from six of the original bacterial fruit blotch-infected seed lots in 1978 (23) (Table 1) (from India), respectively. The seed source of strains 30082 (C-38), 30382 (C-41), 30385 (C-45), and 30383 (C-178) was unknown. The original source of these seed was the PI lines grown for seed increase at the USDA Plant Genetic Resources Conservation Unit, Griffin, GA, which was the location where A. avenae subsp. citrulli was first described in 1978 (23) . Bacteria were grown on yeast extract-dextrose-CaCO 3 (YDC) agar (13) and only typical beige to tan-colored, transparent, round, nonmucoid, convex colonies with increasingly spreading margins typical of A. avenae subsp. citrulli were retained. Bacterial DNA was extracted using the DNeasy Tissue Kit (Qiagen Inc., San Diego, CA). All 93 strains of A. avenae subsp. citrulli were determined to be pathogenic by inoculating watermelon seedlings as described (13) .
Amplification and sequence determination of genes for MLST. Seven genes, representing a total of 3,247 bp, were sequenced for the MLST analysis. The genes ( Table 2) were chosen for the MLST analysis based on the MLST scheme developed for Burkholderia pseudomallei (16) . Additional genes were chosen by comparing two available genomes of Acidovorax, A. avenae subsp. citrulli AAC00-1 (Walcott, Athens, GA) (NC_008752) and Acidovorax sp. JS42 (Stahl, Seattle, WA) (NC_008782) with SNPs finder (http://snpsfinder.lanl.gov) (27) . Because of considerable divergence between the two genomes, only 95% similarity could be used. Fourteen genes were initially sequenced (data not shown), with seven loci chosen for the analysis. The other seven loci not used for the analysis were monomorphic and, therefore, noninformative.
The genes were amplified using primers designed from the complete genome of A. avenae subsp. citrulli AAC00-1 (NC_008752) with Primer3 v.0.4.0 (http://frodo.wi.mit.edu) (20) . Each reaction mixture contained DNA template at 5 to 20 ng/µl, 1× buffer solution (New England Biolabs Inc., Ipswich, MA), 0.2 mM deoxynucleotide triphosphates mixture (New England Biolabs Inc.), 1 µM each primer, and 0.04 U of Taq polymerase (New England Biolabs Inc.) for a total 25-µl reaction volume. The thermocycler (GeneAmp PCR system 9600; Applied Biosystems, Norwalk, CT) reaction conditions were an initial denaturation step at 95°C for 5 min, followed by 30 cycles of 95°C for 30 s, 60°C for 30 s for primer annealing, and an extension period at 72°C for 30 s. The final step was an extension period at 72°C for 5 min. Purification of the amplified PCR product was completed with the ExoSap-IT Clean-up system (USB Co., Cleveland). Direct sequencing of the PCR product was performed at the USDA Eastern Regional Research Center, Core services Unit, Wyndmoor, PA using the Big Dye Terminator kit v3.0 with an ABI Prism 3730 DNA sequencer (Applied Biosystems). The seven loci were sequenced for 93 strains of A. avenae subsp. citrulli (Table 2) .
Sequence analysis. The sequences for the seven loci were visualized and aligned with BioEdit v.7.0.5.3 (9) and ClustalX v. 2 (29) . Sequence comparisons for each locus resulted in an allelic profile for each strain. An allele is defined as a unique sequence for that locus, and an allele can differ from another by a single base pair. Each strain then was assigned an ST based on the allelic profile. Identical allelic profiles resulted in identical ST assignments (Table 3 ). An eBURST v3 analysis (6) based on the sequence typing was done with the criterion of five shared alleles out of seven indicating a clonal complex. A maximum likelihood tree, parsimony tree, and neighbor-joining tree were constructed with the concatenated dataset of the seven loci for all the strains of A. avenae subsp. citrulli using PAUP* v4 (28) . A. avenae subsp. avenae, A. konjaci, and A. facilis served as outgroups. The best fit model of molecular evolution, TVM + invariant sites + gamma distribution, was determined with Modeltest v3.7 (19) . The TVM model of evolution allows for five substitution rates; each transversion is assigned its own rate while each transition is assigned the same rate (19) . The bootstrap (n = 500 replicates) was performed using the maximum likelihood tree and PAUP* v4. A Bayesian analysis was performed with MrBayes 2.01 with a GTR + gamma distribution + invariant sites model of molecular evolution, 1,000,000 generations with burn in after 200,000 generations, four simultaneous Markov chains (three heated, one cold), and random starting trees (11) .
Nucleotide sequence accession numbers. The gene sequences are available under GenBank accession numbers EU928004 to EU928726.
RESULTS

Amplification and sequence determination of genes for MLST.
The allelic profiles of these strains resulted in the assignment of 11 STs (Table 3 ). The majority of the 93 strains typed as either ST1 (40 strains) or ST5 (38 strains). The alleles differed by less than 2 bp at all loci except gltA. This locus, with the most variation, had alleles that differed by 7 bp or less. The eBURST analysis using the criterion of five of seven shared alleles indicated two clonal complexes (CCs) (Fig. 1) . CC1 included five STs and CC2 included six STs (Table 3) . When the criterion for shared alleles was increased to the more stringent six of seven, two CCs were again specified, except CC1 had one less ST; ST4 no longer grouped with CC1 and was, instead, classified as a singleton.
Sequence analysis. All six original watermelon strains typed in CC1 whereas the majority of the collected watermelon strains ) , and 30385-typed as ST11, and the last strain, 30380 (seed of PI 164475 from India) typed as ST4. CC1-ST1 consisted of 43% (40 of 93) of all strains and contained 83% (40 of 48) of all CC1 strains. Strains from the four Chinese provinces sampled (Xinjiang, Neimenggu, Hainan, and Henan) typed to both CCs. In the western province of Xinjiang and northwestern province of Neimenggu, where seed is produced, 26 strains were collected and all but 2 typed as CC1-ST1, the same ST as 3 of the original 8 strains from Georgia. The other two strains, 30287 and 30228, were typed as ST5 and ST6 in CC2, respectively. Of the two strains that originated from the central province of Henan, one (30367) typed as ST1 in CC2 and the other (30380) as ST5 in CC2. The 16 strains from the southernmost province of Hainan Island consisted of a mixture of ST1 in CC1 (6 strains) and ST5 in CC2 (10 strains). In the other regions of the world that were sampled, ST5 from CC2 was the most predominant type found in the nine countries and United States territory. Both rockmelon strains from Australia typed as ST1 in CC1. Both CCs were found in the six strains from Israel; four typed as CC2-ST5 and two as CC1-ST11. CC1-ST11 was found only in Israel and in the original four CC1 strains: 30182, 30183, 30184, and 30185.
Phylogenetic trees constructed by maximum likelihood (Fig. 1 ), parsimony (data not shown), and neighbor joining (data not shown) resulted in identical topologies and were in agreement with the eBURST analysis. Two groups within A. avenae subsp. citrulli were supported that corresponded to CC1 and CC2. All strains from CC1, except original strain 30080 (seed from India), grouped together with 62% bootstrap support and a 0.79 Bayesian posterior probability. The separation of 30080 from CC1 had slightly less support, with a 62% bootstrap and 0.50 Bayesian posterior probability. The low bootstrap support and Bayesian posterior probability were most likely due to a weak phylogenetic signal caused by too few changes between strain 30080 and the other CC1 strains. If 30080 is removed from this part of the analysis, the support for the CC1 strains formed a single clade of 88% and probability of 1.00. The second lineage corresponded to CC2 and had a high bootstrap support of 90% and a Bayesian posterior probability of 0.96. The separation of A. avenae subsp. citrulli from all other subspecies of A. avenae and other species of Acidovorax was maintained with 100% bootstrap support and a Bayesian posterior probability of 1.00.
DISCUSSION
Our studies, like previous studies characterizing the genetic differences among strains of A. avenae subsp. citrulli using DNA fingerprinting and pathogenicity tests (30) , established two genetically distinct groups. These earlier studies, however, were somewhat limited by the geographic origin of the strains. For the DNA fingerprinting with restriction endonucleases and FAME analyses (31), 121 strains were used, but 104 came from the United States; specifically, a small production area in Georgia. More international strains were added to the second study using REP-PCR and PFGE, but only seven strains from China were examined (30) . Additionally, eight of the international strains from Taiwan could not be used for PFGE because only DNA was received (30) . These earlier studies concluded that the type strain was atypical of the species (31). In contrast, our MLST results showed the type strain to be quite typical.
Our MLST analysis included 81 strains that had not been analyzed previously. The majority of these new strains originated in four provinces of China: Xinjing, Neimenggu, Hainan, and Henan. Xinjing and Neimenggu provinces are the major melon seed producers for the world and represent a major source of potential infection. Additionally, we included for comparison 11 strains, 1 of each haplotype, from Georgia, and 2 strains from Australia included in the previous studies (30, 31) .
Our analysis placed all the A. avenae subsp. citrulli strains into two groups or CCs. Most of the strains (84%) were typed as either CC1-ST1 or CC2-ST5. The other nine STs included only 15 strains. One of the original strains from Georgia, 30080, was a unique type (CC1-ST4) and was not found among any of the other strains studied. Four other original strains typed as CC1-ST11; this ST was found only in two strains from Israel. It is possible that seed of PI line 164475 infected by a CC1-ST11 strain was obtained from the USDA Plant Genetic Resources Conservation Unit for a breeding program in Israel.
The analysis of the population structure of A. avenae subsp. citrulli from China indicated two subsets, CC1 and CC2, and agreed with the limited number of strains from China identified previously as subgroup 1 and 2 (30, 31) . These two groups were also present in populations around the world. All eight original strains isolated from watermelon and melon in Georgia in the mid-1970s and used to describe the pathogen (23) typed to CC1. These cultures were isolated from diseased seedlings of PI lines being grown for increase at the USDA Plant Genetic Resources Conservation Unit, creating a possible source for the CC1 strains.
The majority of CC1 strains from China (24 of 33) (74%) were from the seed production areas in western (Xinjing province) or northern (Neimenggu province) China, which may also serve as a possible source for future infections. In contrast to the promi- Fig. 1 . Maximum likelihood phylogeny of 39 representative strains of Acidovorax avenae subsp. citrulli, 9 strains of A. avenae subspecies. and 2 Acidovorax spp. as the outgroup (Table 1 ). The tree was constructed from 3,247 bp from seven genes: gmc, glucose-methanol-choline oxidoreductase; ugpB, extracellular solutebinding protein, family 1; pilT, twitching motility protein; lepA, GTP-binding protein; trpB, tryptophan synthase subunit β; gltA, type II citrate synthase; and phaC, poly(R)-hydroxyalkanoic acid synthase, class I using a general time reversible model, TVM, with a gamma distribution and invariant sites. Bootstrap values with 500 replicates for the major divisions of A. avenae subsp. citrulli from the outgroups and clonal complex 2 are reported above each branch and Bayesian posterior probabilities are reported below. The division on clonal complex 1 had a bootstrap value of 62% and a Bayesian probability of 0.50. nence of CC1 strains in China, CC2 strains were scattered worldwide in Korea, Japan, Brazil, China, Taiwan, Israel, Turkey, Malaysia, Guam, and the United States. Only 2 of 26 cultures from western and northern China seed production areas were CC2. In contrast, 10 of 16 strains from Hainan in southern China were CC2.
The identity of the ancestral form of A. avenae subsp. citrulli is confounded by two somewhat conflicting results; the earlier appearance of CC1 and the wider geographic distribution of CC2. The exclusive occurrence of CC1 among the original strains might suggest that this was the ancestral form of the prominent CC1 strains in China and that CC2 diverged later, but sampling of ancestral strains was limited. This scenario is possible given that one of the oldest known strains of CC2 (30140) was collected in 1990 and was linked to a watermelon fruit blotch outbreak in Florida (26) . However, BFB may have occurred earlier and just not been identified. The wide geographic distribution of CC2, however, would indicate that this type is the possible ancestral type. Although this type is more prevalent worldwide, it has a more limited host range than CC1 strains. The CC2 strains are found predominantly in watermelon (24 out 29 strains) whereas CC1 strains have been isolated from and shown to be pathogenic on multiple cucurbit hosts. The few changes (≤13 bp) between the strains, however, makes dating the time of divergence based on synonymous substitutions very difficult.
Subgroups 1 and 2 of Walcott et al. were observed primarily on melons and watermelons, respectively (30, 31) . Strains typed as subgroup 1 always typed to our CC1 and subgroup 2 strains typed as our CC2. However, whereas Walcott et al. (31) found that subgroup 1 consisted primarily of melon strains, six of the original eight strains and all the new Chinese strains in this study were isolated from watermelon and typed as CC1. Furthermore, all 23 strains isolated from watermelon that typed to CC1 originated from Georgia (9 strains) and China (14 strains). The presence of CC1 strains on watermelon in China suggests two possible sources of the A. avenae subsp. citrulli infection. The only known source of CC1 strains in watermelon were the six strains isolated in the mid 1970s at the Plant Genetic Resources Conservation Unit. These strains were also found in China in melon-producing regions where CC1 was the predominant clonal group. A. avenae subsp. citrulli may have entered watermelon by jumping from the melon host or from infected watermelon seed brought into the country. Despite the occurrence of CC1 strains on watermelon from this area in China, a spread to other geographic regions has apparently not occurred.
The 38 strains of CC2 from watermelon came from all regions sampled. However, in China, strains of CC2 were restricted to Hainan island in the far south near Vietnam. The limitation of CC2 to Hainan island indicates that either there was a recent introduction of this type to southern China that has not spread further north or the dryer, cooler growing climates in northern and western China have inhibited their natural spread. Seed companies prefer to produce seed crops in western China due to the cooler, dryer climate. Given that seed is actively transported between the provinces, the growing conditions may be an important factor. To determine whether the presence of A. avenae subsp. citrulli might occur in watermelon plants without expression of symptoms, additional samples of plants and seed produced in dryer climates would be needed. If CC2 strains are present, more aggressive diagnostic screening and remediation may be needed to control the spread of the disease. This is the first description of an MLST assay for A. avenae subsp. citrulli and the first genetic description of the originally described strains of the bacterium. Additionally, this is the first detailed molecular characterization and fingerprinting study of A. avenae subsp. citrulli strains from China. This fingerprinting scheme can also be extended to other subspecies of A. avenae, making a robust seven gene multilocus sequence analysis possible.
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